Species invasions have a range of negative effects on recipient ecosystems, and many occur at a 29 scale and magnitude that preclude complete eradication. When complete extirpation is unlikely 30 with available management resources, an effective strategy may be to suppress invasive 31 populations below levels predicted to cause undesirable ecological change. We illustrate this 32 approach by developing and testing targets for the control of invasive Indo-Pacific lionfish 33 (Pterois volitans and P. miles) on Western Atlantic coral reefs. We first developed a size-34 structured simulation model of predation by lionfish on native fish communities, which we used 35 to predict threshold densities of lionfish beyond which native fish biomass should decline. We 36 then tested our predictions by experimentally manipulating lionfish densities above or below 37 reef-specific thresholds, and monitoring the consequences for native fish populations on 24 38 Bahamian patch reefs over 18 months. We found that reducing lionfish below predicted 39 threshold densities effectively protected native fish community biomass from predation-induced 40 declines. Reductions in density of 75-95%, depending on the reef, were required to suppress 41 lionfish below levels predicted to over-consume prey. On reefs where lionfish were kept below 42 threshold densities, native prey fish biomass increased by 50-70%. Gains in small (<6cm) size 43 classes of native fishes translated into lagged increases in larger size classes over time. The 44 biomass of larger individuals (>15cm total length), including ecologically important grazers and 45 economically important fisheries species, had increased by 10-65% by the end of the experiment. 46 Crucially, similar gains in prey fish biomass were realized on reefs subjected to partial and full 47 removal of lionfish, but partial removals took 30% less time to implement. By contrast, the 48 biomass of small native fishes declined by more than 50% on all reefs with lionfish densities 49 exceeding reef-specific thresholds. Large inter-reef variation in the biomass of prey fishes at the 50 3 outset of the study, which influences the threshold density of lionfish, means that we could not 51 identify a single rule-of-thumb for guiding control efforts. However, our model provides a 52 method for setting reef-specific targets for population control using local monitoring data. Our 53 work is the first to demonstrate that for ongoing invasions, suppressing invaders below densities 54 that cause environmental harm can have a similar effect, in terms of protecting the native 55 ecosystem on a local scale, to achieving complete eradication. 56 57
INTRODUCTION was calculated as: 152 where v is a single individual of fish species i observed on visual transect survey z per site. For 153 simplicity, we will refer to , , as , which is calculated as:
154
(3) 155 Z and are the total mortality rate (i.e. the probability of dying) and body mass, respectively, for 156 each individual fish. The mortality rate scales as an allometric function of body mass ( ) with (5) 169 where is the total length of individual fish, converted to weight using allometric length-weight 170 scaling constants and which are species-specific and derived from the literature (Fish Base; 171 http://www.fishbase.org).
173
Rates of lionfish prey consumption ( ).We estimated annual reef-specific prey consumption by In Equation 6, the parameter estimates the mean proportion of fish in the total diet of lionfish, 188 which can take a value between 0 and 1. The function 0.006e 0.16T describes the scaling relationship between lionfish mass-specific prey consumption rate (g prey -1 g lionfish -1 day -1 ) 190 and body weight (g) derived by Côté and Green (2012) Table 1 ) of all lionfish encountered. We compared the locations and sizes of lionfish recorded 237 during the two surveys to minimise the chance that individuals were missed or double-counted.
238
We converted total length (cm) to weight (g) using the allometric scaling equation where 239 a l = 0.00497, b l =3.291 (Green et al. 2012 ).
240
Prey fish biomass. We estimated the biomass of prey fish available to lionfish at each site by first 241 conducting 3-5 8 m x 2 m belt transect surveys (depending on reef size) on each reef and in the 242 seagrass within 10 m of the reef, along which we recorded the identity and size (TL to the 243 nearest 1c; L v,i,z in Table 1 ) of all fish encountered. We took care to look in all crevices for 244 cryptic fishes, using a dive light as needed. While we recorded all individuals on our surveys, we 245 only considered individuals <15 cm TL as potential prey for lionfish (i.e., the maximum prey 246 size for gape-limited lionfish at these sites). We converted prey fish lengths (cm) to weights (g) 247 using species-specific allometric scaling constants (a i and b i ; Table 1 ). Model simulations 263 We created a model of for each of the 24 study reefs, and incorporated variation in our 264 parameter estimates through Monte Carlo simulation to generate a distribution of reef-specific 265 'threshold' lionfish densities at which lionfish prey consumption matches prey production rates 266 (Equation 9; see Table 1 for a summary of parameter sources). We show a hypothetical 267 distribution of for a generic site (Figure 1b ). Specifically, we calculated the median from distributions as our confidence limits for for each site ( To test whether maintaining lionfish below predicted threshold densities ( ) would prevent 280 predation-induced declines in prey fish biomass, we divided the 24 study reefs into four removal 281 treatments (6 reefs per treatment), randomized across the patch reef system (Table 2 ; Fig. 2 ).
282
Lionfish on reefs in treatments 1 and 2 were kept below the median (probability = 0.5) density 283 threshold predicted for each reef (Table 2 ). In particular, all lionfish were removed from reefs in 284 treatment 1, and lionfish on reefs in treatment 2 were maintained at the 25 th percentile of the 285 probability distribution for their reef-specific threshold density (probability =0.25; Fig. 1b ).
286
Hence, densities on the reefs in treatments 1 and 2 were very likely to be below the actual 287 threshold densities and net production of prey should be positive. Lionfish on reefs in treatments 288 3 and 4 were maintained at densities that exceeded the median density threshold predicted for 289 each reef (Table 2) . Lionfish on reefs in treatment 3 were maintained at the 75 th percentile of 290 their threshold density distributions (probability =0.75), and lionfish were maintained at densities 291 that exceeded the 95 th percentile on reefs in treatment 4 ( Fig. 1b) . Hence, densities on these reefs 292 were very likely to be above the actual threshold densities and net production of prey should be 293 negative. Target density treatments were maintained monthly by SCUBA divers. During each 294 site visit, we conducted two roving diver surveys to assess lionfish abundance and body sizes. 295 We then removed excess lionfish or transplanted additional lionfish from adjacent reefs, to 296 ensure that the lionfish density on each reef matched the target density and average body size.
Lionfish removed from the study system were euthanized humanely at the surface in a clove oil (Table A1) .
RESULTS
Initially we observed declines in the biomass of larger size classes of prey fishes (i.e., 6-343 15cm TL) on all reefs, save those where lionfish had been completely removed (Fig. 3b ).
344
However, the biomass of larger prey fishes diverged between the four treatments by the end of 345 the experiment (Fig. 3b) , increasing by more than 70% on reefs where all lionfish were removed 346 and, to a lesser extent (20%), on reefs where lionfish densities had been suppressed below the 347 predicted threshold (Fig. 3b ). By the end of the experiment, the biomass of larger fish prey had 348 declined significantly on reefs where lionfish exceeded predicted impact thresholds, with average 349 reductions of 40% and 60%, respectively, for treatments 3 and 4 ( Fig. 3b ).
350
Finally, the biomass of individuals that were too large to be preyed upon by lionfish 351 (i.e.,>15cm TL) was highly variable across the study reefs over the first 12 months, but increased 352 significantly (15-80%, on average) over the final six months of the study across all treatments 353 (Fig. 3c) . Our study reveals that suppressing invasive lionfish below densities at which they are 357 predicted to over-consume prey can effectively prevent predation-induced declines in prey fish 358 biomass. The significant margin by which prey fish biomass increased on reefs where lionfish 359 were completely extirpated indicates that these invasive predators were already depleting native 360 fish prior to the start of our experiment in 2009. Importantly, over the course of the experiment, 361 suppressing lionfish densities below thresholds predicted to cause predation-induced declines 362 quickly resulted in the recovery of biomass of the smallest prey fish to levels achieved by 363 complete lionfish removal (Fig. 3a) . Rates of biomass recovery for larger size classes of lionfish Appendix A contains a work flow diagram for estimating lionfish density targets from our 639 simulation model (Fig. A1) , and information on the species and size classes of native reef 640 fishes found on our study reefs in the Bahamas (Table A1 ).
641
- Figure Fig. 1B) . The reefs 651 were divided into four treatments, with two treatments below (1 and 2) and two treatments above (3 and 4) the median predicted 652 threshold (probability = 0.5). Initial density is the number of lionfish observed per reef at the start of the experiment in December Fig. 1 . A) Hypothesized association between prey consumption by Indo-Pacific lionfish (g ha -1 659 yr -1 ) and the production of fish prey (g ha -1 yr -1 ) on invaded Atlantic coral reefs. The dashed line
